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© Ozone gas processing for ferroelectric memory circuits. 

© A method for forming a ferroelectric capacitor for Fig. 12 

use in an integrated circuit establishing one layer 
(12, 14, 16) over another (10. 12, 14) and then 
annealing the structure, using an oxygen or ozone 
anneal, after each layer is established. In particular, 
an ozone anneal is used after the establishment of a 
layer of ferroelectric material (14). 
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The present invention is directed to a method 
for forming ferroelectric integrated circuits and, in 
particular, ferroelectric capacitors. 

Ferroelectric capacitors are typically formed 
through a series of deposition and defining steps. 
The process requires that several oxygen anneals 
be done. Oxygen anneals are required in order to 
form correct crystal phases of deposited sputtered 
or spun-on "PZT" and to reduce electrode and 
material deficiencies. 

"PZT" is the name for a ferroelectric material 
comprising lead zirconate titanate and having the 
general formula PbfTixZn-xJOs wherein x = 0 to 1. 
As deposited, sputtered, or spun-on PZT is amor- 
phous and has no (or insufficient) ferroelectric 
properties. Annealing in oxygen is necessary to 
form the correct crystallographic phases that pro- 
duce the desired ferroelectric properties. For exam- 
ple, when PZT is used in memory circuits, the 
desired ferroelectric phase is a tetragonal phase. 
One of the desired ferroelectric characteristics is 
then a permanent dipole moment without an ap- 
plied electric field. This can only occur if there is a 
unilateral displacement of the positively charged 
Ti+* ion against its negatively charged 0~ 2 sur- 
roundings. Oxygen vacancies are quite likely to 
occur in the sputtered PZT material due to target 
imperfections and due to oxygen reactivity. Thus, 
oxygen is needed to repair these defects and en- 
sure good ferroelectric behavior. These oxygen an- 
neals also condition the electrode/PZT interface by 
acting as an electrical acceptor atom that helps 
reduce the excess charges at the interface that are 
generated as a result of material lattice mismatch. 

Currently, oxygen anneals are done in an O2 
ambient at a temperature greater than 500 *C. 
Typically, the oxygen anneal is done using a fur- 
nace anneal or rapid thermal annealing process 
(RTA). 

Unfortunately, the effect of these anneals can 
be reduced, or even eliminated, by some of the 
other processing steps used to form the ferroelec- 
tric capacitor. For example, many of the subse- 
quent integrated circuit processing steps involve 
low pressure, weakly ionized and highly energetic 
gas conditions (known as plasmas). Medium en- 
ergy ( <1 keV) electrons and photons are produced 
in these plasmas. These particles can ionize in the 
ferroelectric material to form electron/hole pairs or 
can ionize constituent PZT atoms. This extra 
charge produced as a result of these processes 
can accumulate to form internal electric fields larg- 
er than and/or in opposite directions to that of the 
induced structure dipole moment in the ferroelec- 
tric material. 

For example, a SihU glass deposition step can 
result in the H 2 or N 2 becoming substitutional im- 
purities in the ferroelectric crystal which can de- 



stroy the crystal's ferroelectric effect. If sufficient 
H 2 is accumulated substitutional^ in the ferroelec- 
tric crystal, the induced structural dipole moment 
reduces to zero, and the ferroelectric hysteresis 

5 curve collapses to that of a conventional linear 
dielectric medium. This could be interpreted as a 
region of greatly reduced resistivity embedded in 
the ferroelectric material. 

The object of the present invention is to pro- 

w vide an improved method for forming a ferroelectric 
capacitor which does not suffer from the drawbacks 
described above. 

The present invention is directed to a method 
for forming a ferroelectric capacitor using ozone 

/s anneals. In general, the method comprises a series 
of processing steps, including a series of ozone 
anneals. 

Ozone anneals provide a more complete meth- 
od of supplying oxygen to the ferroelectric material 

20 than oxygen anneals since ozone quickly decays to 
O2 and 0~ at temperatures above 400 *C. As a 
result of this decay, not only is 0 2 provided to the 
ferroelectric material, but also the highly reactive 
0~ species which has a higher electron affinity 

25 than 0 2 is provided. Further, since ozone gas is 
highly reactive and naturally tries to become stable 
by giving up an oxygen, ozone is not limited by the 
same surface adsorption/desorption kinetics as reg- 
ular 0 2 . In other words, whereas an oxygen mol- 

30 ecule must be adsorbed at the surface of a fer- 
roelectric material at 500 *C and sufficient energy 
applied to break the covalent bond, the ozone 
molecule decomposes into an oxygen atom and 
oxygen molecule in a few milliseconds at 500 0 C or 

35 above. As a result, when a ferroelectric material is 
exposed to ozone, the ferroelectric material can 
obtain an oxygen atom much quicker than it can 
obtain one from 0 2 . Accordingly, ozone can pro- 
vide a higher concentration of reactive oxygen 

40 atoms for diffusion into the ferroelectric material 
which results in a relatively faster diffusion 
(penetration) of oxygen into the ferroelectric ma- 
terial. This is important in that the faster oxygen is 
provided to the ferroelectric crystal, the fewer the 

45 number of lead (Pb) atoms that will be lost. 

In describing the preferred embodiment, refer- 
ence is made to the accompanying drawings 
wherein like parts have like reference numerals, 
and wherein: 

so FIGURE 1 is a cross-sectional view of a portion 
of a ferroelectric circuit, according to an embodi- 
ment of the present invention, having a bottom 
electrode over a flowed glass layer; 
FIGURE 2 shows the structure of FIGURE 1 with 

55 a layer of ferroelectric material over the bottom 
electrode; 

FIGURE 3 shows the structure of FIGURE 2 with 
a top electrode over the layer of ferroelectric 
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material; 

FIGURE 4 shows the structure of FIGURE 3 with 
a portion of the top electrode removed; 
FIGURE 5 shows the structure of FIGURE 4 with 
a portion of the ferroelectric material removed; 
FIGURE 6 shows the structure of FIGURE 5 with 
a portion of the bottom electrode removed; 
FIGURE 7 shows the structure of FIGURE 6 with 
a layer of glass over the top electrode, the 
ferroelectric material and the bottom electrode; 
FIGURE 8 shows the structure of FIGURE 7 with 
contact windows defined in the glass to the top 
electrode, the bottom electrode and the sub- 
strate; 

FIGURE 9 shows the structure of FIGURE 8 with 
a metal interconnect layer over the. layer of 
glass; 

FIGURE 10 shows a structure of FIGURE 9 with 
a portion of the interconnect layer removed; and 
FIGURE 11 shows the structure of FIGURE 10 
with an intermetal dielectric. 

The preferred embodiment of the present in- 
vention in its method aspects comprises a series of 
fabrication steps which are carried out in the man- 
ner set forth below. 

In Figure 1, in accordance with the present 
invention, a bottom electrode 12 is established over 
a flowed glass layer 10. Flowed glass layer 10 
provides an isolation between the doped polysilicon 
gate 9, substrate 8 (Si or any compound semicon- 
ductor like GaAs) and the subsequent interconnect 
layers. Source and drain regions (S,D) are also 
shown. Bottom electrode 12 can be established by 
sputter deposition or by evaporation, for example. 

In another embodiment, the bottom electrode 
can be directly formed in an active region, such as 
the source or drain region, of the substrate. 

8ottom electrode 12 can comprise a noble 
metal, such as platinum (Pt), gold (Au), or a molyb- 
denum (Mo), for example. Preferably, bottom elec- 
trode 12 comprises a 200 A (20 nm) titanium (Ti) 
layer and a 1,500 A (150 nm) platinum (Pt) layer 
deposited in a single pass without breaking vacu- 
um between the two metal depositions. The Ti 
layer is used as a glue layer since adhesion of the 
Pt to the flowed glass is typically poor. 

A preliminary anneal is then performed to an- 
neal bottom electrode 12 by either furnace anneal- 
ing or rapid thermal annealing (RTA) in either oxy- 
gen, ozone, air, or forming gas at a temperature 
between 500 *C to 700° C. The anneal causes the 
formation of a few monolayers of Ti02 which pro- 
vides a better adhesion between the bottom elec- 
trode and . the flowed glass. Further, the anneal 
places some Ti02 (if oxygen is used during anneal- 
ing) or TiN islands (if air and/or forming gases are 
used during annealing) on top of the Pt film. This 
improves the adhesion between the bottom elec- 



trode and the subsequently deposited ferroelectric 
material. 

A layer of ferroelectric material 14 is then es- 
tablished over bottom electrode 12, as shown in 

5 Figure 2. Any material of the perovskite crystal 
type or of a high dielectric constant, for example 
tantalum oxides, can be deposited as ferroelectric 
material 14. For example, any material having the 
general formula A x B y 0 2f wherein typically z is 3, 

10 could be utilized as ferroelectric material 14. In- 
cluded within this group is the class of high tem- 
perature superconductors of perovskite crystal 
such as YBa 2 Cu3 07, for example. Preferably, how- 
ever, the ferroelectric material is either PZT having 

;s a general formula of Pb(Ti x Zr 1 _ x )03 or a doped 
PZT such as PLZT, for example. Ferroelectric ma- 
terial "14.. 'can be established by deposition, for 
example, either by RF sputtering from a PZT oxide 
ceramic target in argon and/or oxygen or ozone, or 

20 by DC/RF sputtering from a (Pb-Ti-Zr) metal target 
in argon/oxygen/ozone atmosphere. In the alter- 
native, ferroelectric material 14 can be deposited 
by spinning the pre-cursers of Pb-Ti-Zr oxides sus- 
pended in organic solvents at a high rpm and then 

25 annealing to remove the organic solvents. 

A first anneal is then performed on ferroelectric 
material 14. This first anneal is in an ozone at- 
mosphere using a rapid thermal anneal process 
(RTA) or a furnace anneal. If a furnace anneal or 

30 RTA is used to anneal the entire wafer,, on which 
the ferroelectric material resides, lasers, micro- 
waves or gas discharges (plasmas) can be used to 
perform the annealing. In the preferred embodi- 
ment, the anneal is done using RTA since the use 

35 of RTA provides better ferroelectric performance in 
a memory ferroelectric capacitor. 

In a RTA process, the wafer is subjected to a 
very quick ramp-up of temperature by using heat 
radiation from a bank of tungsten halogen lamps. 

40 The wafer is housed in a quartz cage and the 
temperature of the wafer is controlled by using a 
thermocouple and/or an optical pyrometer. Gases 
like oxygen, ozone or air can be used in the 
annealing process. When using RTA, the anneal is 

45 preferably conducted at a temperature in the range 
of about 650 * C to about 850 • C for about five to' 
thirty seconds. Ozone gas is preferred during the 
rapid thermal annealing of ferroelectric layer 14 in 
order to accomplish the conversion of the micro- 

so crystalline phase of the PZT to a perovskite crystal 
phase which exhibits ferroelectric behavior. In addi- 
tion, an RTA in ozone is preferred in that it signifi- 
cantly decreases the number of lead (Pb) atoms 
lost during annealing as compared to using a con- 

55 ventional oxygen anneal in a. furnace. 

This first anneal can be conducted using either 
a single anneal or a combination of anneals. The 
anneal can be done using a RTA or furnace anneal 
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ist is then removed. Figure 6 shows the resulting 
structure. 

A third anneal is then performed. This anneal 
can be by either a furnace anneal at 550 *C in 
5 oxygen for one hour or a two-step process involv- 
ing exposing the structure to ozone for 30 minutes 
at a temperature between 400-450 *C and then 
performing a furnace anneal at 550 - C in oxygen 
for one hour. 

w A glass 18 is then established over the wafer, 

as shown in Figure 7. Glass 18 could be deposited 
in many ways. Examples include chemical vapor 
deposition (CVD) with TEOS (Tetra-Ethyl Ortho- 
Silicate) and oxygen at 600 °C or higher, CVD with 
is SiFU and 0 2 at 380 *C or" higher, PECVD (Plasma 
Enhanced CVD) using TEOS and rwypgn fit 
390 * C, or by "Thermal" CVD of TEOS with ozon e 
at 3901. C. The use of ozone in the ambient for 
depositing glass helps in reducing the degradation 
20 of the ferroelectric material underneath. The pre- 
ferred glass film stack consists of a thermal CVD 
O3/TEOS glass followed by a PECVD TEOS/O2 
glass. Glass 18 has a thickness of approximately 
5,000 A (500 nm). 
25 A first contact window 20 to top electrode 16 is 

then established by etching. Preferably, first con- 
tact window 20 is established by plasma etching 
through glass 18 using a photoresist contact mask. 
In addition, a second contact window 22 to bottom 
30 electrode 12 is also established through glass 18. 
Preferably, both contact windows 20, 22 are estab- 
lished at the same time. 

A fourth anneal is then performed. The fourth 
anneal can be performed in a manner similar to 
35 that described previously for the third anneal. After 
the fourth anneal, a contact window 24 is etched 
through glass 18 and flowed glass layer 10 to 
. substrate 8. Figure 8 shows the resulting structure. 
Next, a metal interconnect_2 6 is established by 
40 sputter deposition, for example, over glass 18 and 



with O2 and/or O3 gas at any pressure over the 
Curie point of the ferroelectric material. Possible 
combinations include an ozone RTA followed by an 
oxygen RTA, an ozone RTA followed by an oxygen 
furnace anneal, an oxygen furnace anneal followed 
by an ozone RTA, or an ozone furnace anneal 
followed by an oxygen furnace anneal, which can 
be done in a single furnace or two different fur- 
naces. The type of anneal utilized is based on the 
ferroelectric characteristic desired at the end of the 
fabrication steps. In the preferred embodiment, ei- 
ther an ozone RTA followed by a oxygen furnace 
anneal or a oxygen furnace anneal followed by an 
ozone RTA, is utilized. 

As shown in Figure 3, a top electrode 16 is 
then, established by, for example, deposition by DC 
magnetron sputtering over ferroelectric material 14. 
Top electrode 16 can be comprised of a noble 
metal, for example platinum, gold, or molybdenum. 
Electrode 16 has a preferred thickness of approxi- 
mately 1,500 A (150 nm). 

A first photoresist pattern is then established 
over top electrode 16. The first photoresist pattern 
can be established by optical lithography, for ex- 
ample. Top electrode 16 is then patterned or de- 
fined. Electrode 16 can be defined by using an 
anisotropic reactive ion etch using a Freon-12 plas- 
ma, for example. Ion-milling or sputter etching 
(using a hard metal mask such as TiW) in argon 
could also be used to define top electrode 16. The 
first photoresist pattern is then removed. The re- 
sulting structure is shown in Figure 4. 

A second anneal, annealing the entire stack 
(12, 14, 16), is performed. This anneal can be done 
using either a furnace anneal or RTA. For a mem- 
ory circuit, a furnace anneal at a temperature be- 
tween 650 °C and 750 0 C in oxygen for one hour is 
preferred. However, an ozone RTA at a tempera- 
ture higher than 750 0 C for 45 seconds, followed by 
an oxygen anneal in furnace at 750 °C for one hour 
could also be used. In addition, pre-exposing the 
entire wafer to ozone at a temperature above 
450 'C for 30 minutes prior to this second anneal 
improves the ferroelectric characteristics achieved 
with this anneal. 45 

Next, a second photoresist pattern is estab- 
lished by conventional means over ferroelectric 
material 14 and top electrode 16 in order to pattern 
or define ferroelectric material 14. Ferroelectric ma- 
terial 14 is then patterned by optical lithography, so 
for example. The exposed ferroelectric material is 
etched, and then the photoresist pattern is re- 
moved to yield the structure of Figure 5. 

Next, a third photoresist pattern is established 
by conventional means to define the area of bottom 55 
electrode 12. Bottom electrode 12 is then optically 
patterned, and then etched to remove the exposed 
portion of the bottom electrode. The third photores- 



in contact windows (20, 22, 24), as shown in Figure 
9. Interconnect 26 can comprise a TiN barrier plus 
an Al-Si metal, such as aluminum doped with a 1% 
Si for example. The Al-Si metal can be sputter 
deposited over the underlying sputtered TiN bar- 
rier. The barrier prevents the Al-Si metal from 
interdiffusing with the top and bottom electrodes 
during subsequent anneals. The thickness of the 
TiN barrier is approximately 500 A (50 nm), and 
the thickness of the Al-Si metal is between 5,000 A 
(500 nm) and 8,000 A (800 nm). 

A fourth photoresist pattern is then established 
by conventional means over metal interconnect 26. 
The exposed metal interconnect layer is then 
etched, and the fourth photoresist pattern is re- 
moved to yield the structure of Figure 10. 

A fifth anneal in ozone and/or oxygen is the n 
performed. The fifth anneal is done by furnace 
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annealing or RTA. Preferably, a furnace anneal is 
done at a temperature of less than 450 0 C and for 
no more than 30 minutes. 

A planarized intermetal d ielectric 28 can then 
be established as shown in Figure 1 1 . Intermetal 5 
dielectric 28 can be a sandwich of plasma' en- 
hanced chemical vapor deposition of SiHU and N 2 0 
(PECVD oxide)/Spin-On-Glass (SOG)/PECVD oxide 

or PECVD nyi dfi/Atmosoheric Pressure pVD ^ 

( APCVD) ^E QSa Qi/PFnvD oxide for exa rooie. A 70 
fifth photoresist pattern is then established by con- 
ventional means over the intermetal dielectric 28. 
The exposed intermetal dielectric 28 can then be 
etched to form contacts (vias) to the first intercon- 
nect metal 26. The fifth photoresist pattern is re- 75 
moved to yield the structure of Figure 12. A sec- 
ond interconnect metal 29, is established over di- 
electric 28 and can be either comprised of AI-l%Si, 
or AI-1%Si-0.5%Cu, for example. Barrier layers, 
such as TiN or TiW ( for example, can be deposited 20 
under second metal interconnect 29, if desired. 

A sixth anneal in ozone and/or oxygen is then 
performed to complete the structure of the present 
invention. The sixth anneal is performed in a man- 
ner similar to that described for the fifth anneal. 25 

The process-steps of intermetal dielectric de- 
position, via formation and interconnect metal de- 
positions could be repeated to create higher levels 
of multi-level interconnect layers, as needed. 

This description has been offered for illustrative 30 
purposes only and is not intended to limit the 
invention of this application, which is defined in the 
claims below. 



Claims 



35 



1. A method for forming a ferroelectric memory 
circuit characterized by the steps of forming a 
bottom electrode structure (12) on a substrate 
(8); establishing a layer of ferroelectric material 40 
(14) over said bottom electrode; performing a 
first anneal, said first anneal being an ozone 
anneal; establishing a top electrode (16) over 
said layer of ferroelectric material; defining 
said top electrode; performing a second an- 45 
neal; defining said bottom electrode; perform- 
ing a third anneal; establishing a layer of glass 
(18) over said top electrode, said layer of fer- 
roelectric material and said bottom electrode; 
defining contact windows (20,22) in said glass so 
to said top electrode and said bottom elec- 
trode; performing a fourth anneal; defining an- 
other contact window (24) in said glass to said 
substrate; establishing a metal interconnect 
(26) over said glass and in said contact win- 55 
dows; defining said metal interconnect; and 
performing a fifth anneal. 



2. The method of Claim 1 further characterized 
by the steps of establishing an intermetal di- 
electric (28) over said metal interconnect and 
said CVD glass and performing a sixth anneal. 

3. The method of Claim 1 further characterized 
by said first anneal being done by a rapid 
thermal annealing process at a temperature in 
the range of 650 * C to 850 * C for a period of 
between 5 and 30 seconds. 

4. The method of Claim 1 further characterized 
by said first anneal being a combination of an 
ozone rapid thermal anneal and an oxygen 
furnace anneal. 

5. The method of Claim 1 further characterized , 
by said first anneal being a combination of an 
ozone furnace anneal and an oxygen rapid 
thermal anneal. 

6. The method of Claim 1 further characterized 
by said second anneal being a furnace anneal 
at a temperature of between 650 *C -and 
750 • C in oxygen for one hour. 

7. The method of Claim 1 further characterized 
by said second anneal being a rapid thermal 
anneal in ozone at a temperature over 750 • C 
followed by a furnace anneal at 750 • C for one 
hour. 

8. The method of Claim 1 further characterized 
by said third anneal being a furnace anneal at 
a temperature in the range of 450 • C to 750 • C 
in oxygen for approximately one hour; said 
fourth anneal being a furnace anneal at a tem- 
perature of 550 ° C in oxygen for approximately 
one hour; said fifth anneal being a furnace 
anneal at a temperature of 550 *C in oxygen 
for approximately one hour; and said sixth an- 
neal being a furnace anneal at a temperature 
of less than 450 'C for no more than 30 min- 
utes. 

9. The method of Claim 1 further characterized 
by the step of exposing the top electrode, the 
ferroelectric material and the bottom electrode 
to ozone at a temperature of between 400 *C 
to 450 *C for approximately 30 minutes prior to 
performing the third anneal. 

10. The method of Claim 1 further characterized 
by the step of exposing the top electrode, the 
ferroelectric material and the bottom electrode 
to ozone at a temperature of between 400 °C 
and 450 • C for approximately 30 minutes prior 
to performing the fourth anneal. 
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11- The method of Claim 1 further characterized 
by the step of exposing the top electrode, the 
ferroelectric materiaf and the bottom electrode 
to ozone at a temperature of between 400 °C 
to 450° C for approximately 30 minutes prior to 5 
performing the fifth anneal. 

12. The method of Claim 1 further characterized 
by the step of performing a preliminary anneal 

of the bottom electrode by a furnace anneal or w 
a rapid thermal anneal. 

13. A method for forming a ferroelectric capacitor 
characterized by the steps of forming a bottom 
electrode structure (12); establishing a layer of 
ferroelectric, material (14) over, said bottom 
electrode; performing an ' ozone anneal; ' and 
establishing a top electrode (16) over said lay- 
er of ferroelectric material. 

14. The method of Claim 19 further characterized 
by said ozone anneal being performed after 
establishing the layer of ferroelectric material 
and before establishing the top electrode. 
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Fig. 1 
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Fig. 4 
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